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A B S T R A C T   
Vacuum flat plate (VFP) solar thermal collectors exhibit excellent optical and thermal characteristics due to a 
combination of wide surface area and high vacuum thermal insulation offering a high performance and archi-
tecturally versatile collector with a variety of applications for industrial process heat and building integration. A 
vacuum flat plate solar collector consists of a solar absorber in a flat vacuum enclosure comprising glass or glass 
and metal covers sealed around the periphery with an array of support pillars to maintain the separation of the 
enclosure under atmospheric pressure. The edge seal must be both mechanically strong and hermetic to ensure 
the durability of the internal vacuum over collector lifetime. This presents several challenges for the fabrication 
of flat vacuum enclosures. In this study a novel sealing technique is presented using a tin-based alloy, Cerasolzer 
217, to create the vacuum seal between two glass panes and an edge separating spacer. The sealing process is 
undertaken at temperatures ≤250 ◦C allowing the use of thermally tempered glass panes. The mechanical 
strength of the edge seal was investigated using a tensometer. It was demonstrated that the bond between glass 
and edge spacer was sufficiently strong to withstand induced stresses in the edge seal region. The edge seal was 
leak tested using a conventional Helium mass spectrometer leak detector and was shown to possess leak rates low 
enough to maintain an adequate vacuum pressure to supress conductive and convective heat transfer in the 
collector. A finite element method (FEM) is developed and validated against the experimental results and 
employed to predict the stresses in different regions of the enclosure. It was found that the mechanical strength 
limits of the seal and glass are higher than the stresses in the edge seal region and on the glass surface, 
respectively.   
1. Introduction 
Flat vacuum collectors are highly efficient and provide an architec-
turally attractive solution for researchers and industry in construction 
and energy sectors worldwide (Arya et al., 2018a; 2018ba, 2018bb, 
2018cc, 2018dd, 2018ee, 2017f; Moss et al., 2018a). These collectors 
have a larger surface area available for heat collection in comparison 
with conventional vacuum tube collectors (Beikircher et al., 2015). In 
addition, they are potentially slimmer and architecturally appealing 
making them suitable for applications in the cladding of building 
façades. As well as generating thermal energy, vacuum flat plate col-
lectors can provide solar shading in summer and contribute to building 
thermal insulation, lowering carbon emissions. 
A flat plate collector for high efficiency at medium temperatures 
(70–120 ◦C) was proposed (Beikircher et al., 2015) where multiple 
transparent glass panes were used to divide the space between the cover 
glass and the solar absorber to minimise convective heat loses. The 
thermal insulation properties of air, Krypton and arogel at low pressure 
ranging from 1 KPa to 10 KPa in a vacuum flat plate collector was 
investigated (Benz et al., 1996). One of the main issues identified in this 
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work was gas leakage in the seal between the glass cover and the casing. 
A vacuum flat plate solar collector proposed (Eaton and Blum, 1975), 
where a moderate vacuum (~150–3500 Pa) was used to minimize the 
convective heat loss from a solar absorber encapsulated in a vacuum 
enclosure, resulted in a highly efficient solar collector capable of oper-
ating at high temperatures and suitable for cold climates and weak 
sunlight. 
A flat plate prototype collector was fabricated and tested at outdoor 
facilities (Benz and Beikircher, 1999). The collector exhibited high ef-
ficiencies of more than 60% at 100 ◦C steam temperature and 45% at 
150 ◦C steam temperature. In another work it was demonstrated that the 
efficiency of a conventional collector can be increased from 25% to 
60–65% for a VFP collector when operating at 150 ◦C above ambient 
temperatures (Moss and Shire, 2014). 
To supply solar process heat at temperatures in the range of 
120–150 ◦C a non-tracking, flat, low-concentrating collector was pro-
posed (Buttinger et al., 2010). To minimise convective heat loss, a 
partial vacuum (<0.01 mbar) is provided using polysulphide and poly-
butyl rubber as sealing materials. Due to outgassing of the components, 
an internal pressure rise of 6 kPa is estimated after 20 years. A prototype 
of such a design exhibited efficiencies of about 50% at a temperature of 
150 ◦C. 
A comprehensive review has been undertaken on flat vacuum col-
lector development over the past ten years showing a growing interest in 
this type of solar collector (Colangelo et al., 2016) while several patents 
have been filed on vacuum flat plate collectors (Estes et al., 1975; Sol-
eau, 1981; Benvenuti, 2011; Palmieri, 2009, 2012). In these studies, 
particular attention has been given to the importance of the sealing 
methodology (sealing the cover glass to the body of the collector) as the 
durability of the internal vacuum is closely dependent on how strong, 
hermetic and vacuum compatible the seal is. A hermetic seal will pre-
vent permeation of gas to the vacuum, and a mechanically strong seal 
will withstand stresses induced by atmospheric pressure and tempera-
ture differentials. In addition, a vacuum compatible sealing material will 
have minimal outgassing resulting in a durable vacuum (Arya, 2014). 
In this work, a proprietary solder, Cerasolzer 217, has been used as a 
sealing material in the fabrication of vacuum flat plate enclosures. The 
suitability of Cerasolzer 217 for this application in terms of mechanical 
strength and vacuum tightness is examined and stresses across vacuum 
enclosures are studied. 
2. Fabrication of vacuum enclosures 
The fabrication of a suitable vacuum enclosure involves several key 
considerations due to the necessity to achieve and maintain an adequate 
vacuum pressure over the lifetime of the enclosure. In addition to the 
general conceptual collector design geometry, these include the choice 
of enclosure materials, development of a mechanically strong vacuum 
tight seal, the design of the support structure for maintaining separation 
of the enclosure covers and development of a suitable pump-out 
arrangement for collector evacuation. 
2.1. Support pillar design 
The vacuum enclosure in this study consists of two glass panes her-
metically sealed around their periphery to a stainless steel edge spacer; 
the edge spacer had a thickness of 25 mm. As the vacuum is created in 
the cavity therein, the glass panes will tend to bow inwards and even-
tually fail under the influence of atmospheric pressure, therefore an 
array of pillars are used to support and maintain separation of the glass 
panes. The vacuum space between the panes accommodates a thin solar 
absorber plate; the design of which must take into consideration the 
support pillar array. The design of support pillar arrangement (pillar 
diameter and separation) is discussed in detail previously (Henshall 
et al., 2016) and summarised here: 
1. The induced stress on glass surface above a support pillar in a vac-
uum flat plate solar collector must not exceed 4 MPa for annealed 
glass and 35 MPa for tempered glass. By taking this criterion into 
consideration in the design of the pillar specification, glass failure 
can be prevented over the service life of the collector.  
2. Due to compressive stresses on the internal glass surface near the 
edge of the support pillars, conical Hertzian fractures can occur. It is 
shown that if the relation between pillar radius (a) and separation (λ) 
follows λ < 155a3/4, the compressive stress will be below that which 
would otherwise initiate a conical fracture.  
3. Compressive stress on the support pillars must be less than the 
compressive strength (S) of the pillar material. To meet this criterion 
the support pillar configuration (radius and separation) for a given 
compressive strength must satisfy (Pλ2 ≤ Sπa2), where P is the at-
mospheric pressure. Support pillars fabricated from stainless steel 
can withstand a compressive stress of 170 MPa.  
4. Support pillars must be strong enough to avoid buckling which is 
accomplished if the support pillar specification satisfies π2Ea42L2 ≤ Pλ
2. L 
is the length of the support pillar and E is the Young’s Modulus of the 
pillar material.  
5. The vacuum enclosure must be designed to accommodate a thin solar 
absorber as shown in Fig. 1, Fig. 2 and Fig. 3, therefore, a series of 
apertures are required in the absorber to accommodate support pil-
lars, consequently, the effective absorbing area is reduced. By 
limiting the number of the pillars, the fraction of the area available 
within the enclosure for solar absorbance will increase. In previous 
studies 3% of the total area of the absorber was occupied by support 
pillars which resulted in a 3% power loss (Henshall et al., 2016). 
Fig. 4 summarises these criteria presenting support pillar specifica-
tions that can enable the development of durable vacuum enclosures. 
As can be seen from Fig. 1, a pump-out port, inlet and outlet pipes are 
attached to the edge spacer through some apertures provided in the 
edge spacer. All pipes and ports are made of stainless steel and 
welded using stainless steel welding techniques. A thin solar 
absorber with overall thickness of 10 mm, designed and fabricated 
using hydroforming techniques at the University of Warwick, was 
incorporated in a vacuum enclosure as shown in Fig. 1 and Fig. 2. 
Since the internal vacuum gap in the enclosure is 25 mm, there is a 
distance of 7.5 mm between the absorber and each glass pane as 
illustrated in Fig. 3. 
In this work, the vacuum enclosure covers are made from 4 mm 
tempered glass panes. Support pillars, 6 mm diameter and 25.4 mm 
long, are fabricated from stainless steel and spaced at 60 mm intervals 
which meets the safety criteria presented in Fig. 4 resulting in me-




Fig. 1. Solar absorber, support pillar arrangement and edge spacer.  
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2.2. Sealing techniques 
The fabrication of a vacuum enclosure requires the formation of a 
hermetic seal between an edge spacer and glass panes and the estab-
lishment of a vacuum (less than1 Pa) between the panes. A sealing 
technique developed and characterised in this work is discussed in this 
section. Ultrasonic soldering techniques can be used to deposit thin 
layers of metal alloys as a sealing material on substrates such as glass. 
This is a flux free method of soldering where ultrasonic energy removes 
oxide films from the substrate surface. This method is clean and eco- 
friendly in comparison with conventional soldering techniques where 
flux is applied. High-frequency vibration breaks up oxide films and 
cleans the surfaces allowing the molten solder to wet and bond to the 
substrates. Vibrational energy forces molten solder into any micro holes 
creating a strong bond between the solder and the substrate (Bellex 
datasheet, 2016). Ultrasonic soldering techniques with indium as a 
sealing material have been used for the fabrication of vacuum glazing in 
which a high vacuum (<0.001 mbar) is created and maintained (Hyde 
et al., 2000; Arya et al., 2012; Fang et al., 2013). However, having a 
relatively low melting point (156 ◦C) indium may not be suitable for 
solar applications as the stagnation temperature for solar collectors may 
be higher than 156 ◦C (Frank et al., 2015). In addition, a high indium 
price and its limited availability are challenging for wide scale use. 
Several sealing materials have been proposed for vacuum glazing and 
solar applications (Koebel et al., 2011; Benvenuti, 2010; Henshall et al., 
2016). Due to low melting points and wide availability, tin alloys are 
extensively used as soldering materials in a range of applications. 
Memon and Eames (2020) have conducted a detailed experiment in 
attempt to seal glass panes together in the fabrication of vacuum glazing. 
The sealing material was a Lead-free metal alloy: Sn90-In10 (wt%). The 
sealing was undertaken at 450 ◦C and the process involved using ul-
trasonic soldering techniques and glass surface treatment with B2O338- 
Sn62 wt%. Several vacuum glazing samples were fabricated and pum-
ped down and a minimum pressure of 8.2 × 10-4 mbar was achieved. The 
problem with this sealing technology is that the minimum pressure (8.2 
× 10-4 mbar) is just low enough for vacuum glazing (Koebel et al., 2010; 
Collins et al., 1995) but considering outgassing issues this pressure may 
not guarantee a long lasting vacuum. One effective way of testing the 
level of vacuum is to evaluate the thermal transmittance (U-value) of 
vacuum glazing samples, however, in that work this was not experi-
mentally done. There is no report of the mechanical strength of this seal. 
In addition, due to the small size of the internal space of vacuum glazing, 
the vacuum pressure should easily reach below 10-5mbar in a short 
period of time (Arya, 2014), however, the minimum achievable pressure 
in these samples (8.2 × 10-4 mbar) indicates that there might be some 
leaks; no Helium mass spectroscopy was undertaken to detect leaks. 
Another big issue with this sealing technique is that the sealing process is 
happening at 450 ◦C; this temperature will prevent the use of tempered 
glass panes in the fabrication of vacuum glazing or solar collectors. 
In another work, Memon et al. (2019) also used Sn-Pb-Zn-Sb- 
AlTiSiCu composite as a sealing material in the fabrication of vacuum 
glazing. In vacuum glazing samples (300 mm by 300 mm) fabricated in 
this work a minimum pressure of 4.2 × 10-4 mbar was achieved; this may 
indicate that some leaks existed, however, no Helium mass spectroscopy 
was undertaken to investigate the vacuum tightness of the seals. There is 
no report of any edge seal failure during the evacuation of vacuum 
glazing samples of this size (300 mm by 300 mm), however, the level of 
Fig. 2. Fabricated vacuum flat plate solar thermal collectors is tested under a 
solar simulator. A slim solar absorber was incorporated in the vacuum enclo-
sure. The solar absorber was 10 mm thick. 
Fig. 3. Schematic diagram of vacuum enclosure with a slim solar absorber.  
Fig. 4. Support pillar specification for 4 mm tempered and annealed glass 
(Henshall et al., 2016). 
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mechanical stress in the edge seal region will be larger in larger samples. 
Mientkewitz et al. (2012) introduced an effective glass-metal sealing 
technique in which a metal (Ni-Cr-Si-Mn-Fe-Al) was bonded to glass 
where both metal and glass had similar thermal expansions. This tech-
nique was developed in particular for vacuum-tube solar collectors but it 
is possible to use it in other applications. The sealing process is under-
taken at high temperatures as glass needs to be melted to bond to the 
metal to create hermetic seals. This method, therefore, cannot be used 
with tempered glass meaning that it may not be suitable for vacuum flat 
plate solar collector applications. 
Yaniv et al. (1981) experimented sealing of glass to metal 
(cobalt–nickel-iron alloy (KOVAR)) in which a novel method of metal 
surface treatment was used. The seal was hermetic but the process was a 
high temperature process preventing the use of tempered glass. An 
attempt was made to lower the sealing temperature of glass to KOVAR 
(Wang et al., 2020); however, they managed to reduce the temperature 
down to 500 ◦C by using low melting solder glass. This sealing tem-
perature is still too high to use tempered glass in the fabrication of solar 
collectors. Another issue is that the cost of KOVAR is high and may not 
be suitable for most applications including vacuum flat plate solar 
collectors. 
In the fabrication of vacuum glazing, laser welding technique was 
used to create a hermetic seal between glass panes (Benson, 1998); 
however, the fabricated vacuum glazing samples did not exhibit a 
satisfactory U-value meaning that the vacuum pressure was not low 
enough. In addition, the sealing process was a high temperature process 
preventing the use of tempered glass. 
Recently an attempt made by Zhang et al. (2020) to use laser to bond 
solder glass (frit) to glass pieces. This method may have some applica-
tions but not suitable for the fabrication of vacuum glazing or solar 
collectors as it is a high temperature process preventing the use of 
tempered glass. In addition, this method might bring about localized 
stresses in the seal. 
Other attempts (Richter et al., 2015; Miyamoto et al., 2007) also 
made to use laser to create glass-glass seals but they are not suitable for 
vacuum glazing or solar collector applications as they are high tem-
perature processes and result in localized stress. 
This paper focusses on the use of a tin based alloy, Cerasolzer 217, in 
a sealing methodology developed for the fabrication of flat vacuum 
enclosures. Helium mass spectroscopy is undertaken to find out whether 
the seal is hermetic. Finally, different tests are performed to measure the 
mechanical strength of the seal. The sealing process has three stages; i) 
deposition of layers of Cerasolzer 217 on the collector glass covers and 
metal edge spacer, ii) sealing the cover glasses to the edge spacer by 
reflow of the deposited layers and iii) application of a secondary seal. 
These three steps are discussed in the following sections. 
2.3. Cerasolzer deposition on substrates 
Cerasolzer 217 is a vacuum compatible and lead-free metal alloy 
with a melting point of 217 ◦C. It can create a strong bond with both 
glass and stainless steel (Bellex datasheet, 2016). Using an ultrasonic 
soldering iron, a thin layer of Cerasolzer 217 is deposited around the 
periphery of the collector glass cover panes and the edge spacers as 
shown in Fig. 5. The deposited layers are approximately 0.2 mm thick 
and 15 mm wide. During the soldering process the glass panes and the 
edge spacer are heated on a temperature controlled hot plate at 150 ◦C 
and 185 ◦C respectively, with a soldering iron tip temperature of 300 ◦C. 
It is found that at temperatures lower than this, the molten Cerasolzer 
may not flow and bond to the substrates. During soldering process, 
circular movement of the iron tip can promote wetting of the Cerasolzer 
on the substrates resulting in a strong bond. 
2.4. Enclosure assembly 
After deposition of Cerasolzer 217 on the glass panes and edge spacer 
an array of support pillars are placed on the lower glass pane spaced at 
60 mm intervals on a regular square Cartesian grid. The stainless steel 
edge spacer is positioned on the lower glass pane and the upper pane is 
located on the spacer so that the Cerasolzer layers are aligned as shown 
in Fig. 6. The assembly is heated in a bake out oven to a temperature of 
250 ◦C, at which the seal is formed by Cerasolzer reflow. 
Heating the assembly at 250 ◦C for 30 min creates a strong bond 
between the glass and the spacer; the test procedure for this is discussed 
in section 2.7. By limiting the sealing process temperature to 250 ◦C the 
tempered properties of the glass panes are not affected. During the 
soldering of Cerasolzer 217 to glass or stainless steel (or indeed most 
substrates), thin oxide films are formed on the surfaces of deposited 
layers (Bellex datasheet, 2016). During subsequent edge sealing of glass 
to the edge spacer, these oxide films can act as a barrier preventing the 
Cerasolzer layers from fusing with each other, which may affect the 
integrity of the seal between the layers. In addition, the oxide films 
inhibit molten Cerasolzer reflow, consequently, the molten layers on the 
Glass pane on hot plate
Edge spacer on hot plate
Cerasolzer layer
Fig. 5. Depositing Cerasolzer 217 around the periphery of collector glass cover and stainless steel spacer.  
Fig. 6. Vacuum enclosure assembly before heating in a bake out oven.  
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glass panes and the edge spacer may not combine to create a hermetic 
seal. To overcome these challenges a uniform pressure is applied in the 
edge seal region during the sealing process in the bake out oven to break 
the oxide films and promote a hermetic bond between the glass and edge 
spacer. This is illustrated in Fig. 7 where spring clamps are used to apply 
pressure to the edge seal region; however, in commercial production line 
laminating vacuum bags might be used instead of clamps to apply a 
uniform pressure as using clamps would not be practical. In this work, 
several vacuum enclosures were fabricated using this methodology, 
however, an ultimate vacuum pressure of 9.6 × 10-3 mbar was achieved 
indicating that the seal was not hermetic despite no visible gaps in the 
seal. To overcome this issue, a secondary seal is applied as discussed in 
the following section. 
2.5. Secondary sealing 
The vacuum enclosure edge seal must remain hermetic (leak-free) to 
ensure the stability of the internal vacuum pressure over the service life 
of the collector enclosure. As discussed in section 2.4, achieving a vac-
uum pressure lower than 9.6 × 10-3 mbar in the enclosure made with 
Cerasolzer 217 proved problematic. To address this issue a secondary 
seal was created over the seal (primary seal) as schematically shown in 
Fig. 8. Secondary sealant materials such as epoxy resins are commonly 
available, however, as these materials exhibit high outgassing rates their 
suitability is limited. Vacuum compatible materials such as indium, in-
dium alloys or Cerasolzer 217 as discussed previously have been used to 
create hermetic seals in vacuum devices (Arya et al., 2018a). In this 
work Cerasolzer 217 is used for this purpose and applied with ultrasonic 
soldering techniques. 
To apply the secondary seal, the vacuum enclosure is heated at 
150 ◦C and held at a 45◦ angle to facilitate the soldering process as 
illustrated in Fig. 8. To investigate the hermeticity of the overall edge 
seal, a vacuum enclosure (shown in Fig. 9) is leak tested using a con-
ventional Helium mass spectrometer leak detector (Ishii et al., 1983). 
The small scale enclosure, 0.2 m × 0.2 m, is fabricated with the appli-
cation of a primary and secondary seal. The enclosure consists of two 4 
mm glass panes and a stainless steel spacer (15 mm thick and 10 mm 
wide). An array of stainless steel support pillars (15.2 mm high and 6 
mm diameter) prevent the glass panes from collapsing under the influ-
ence of atmospheric pressure. A pump-out hole of 4 mm in diameter is 
used for evacuation of the enclosure. As shown in Fig. 9, the leak rate 
varied between 10-1 mBar L/s and 10-5 mBar L/s. As the sealing process 
is undertaken manually, the leak rate around the periphery of the seal is 
non uniform. However, the leak detection analysis highlighted that 
areas of the edge seal do not exhibit any leaks indicating it should be 
possible to create a leak-free seal around the entire periphery of the 
vacuum enclosure using a fully automated technique. 
In this work, a further investigation is made to create a hermetic edge 
seal using ultrasonic energy during the bake out stage which is discussed 
in the following section. 
2.6. Application of ultrasonic energy during bake out 
Although the sealing process discussed in the previous section can 
create a hermetic enclosure, it has essentially two stages. To avoid the 
application of the secondary seal (second stage), an attempt is made to 
develop a single stage process whereby ultrasonic energy is also used to 
break the oxide films while a uniform pressure is applied during the bake 
out stage. The heating regime for cerasolzer reflow is the same as before 
(250 ◦C for 30 min) and a uniform pressure is applied in the same way as 
illustrated in Fig. 7. The ultrasonic energy (20 KHz) is generated by a 
Branson Digital Sonifier (model: 450) shown in Fig. 10. 
Fig. 10 illustrates how ultrasonic energy is applied to the sealing 
area. Using this method, a vacuum enclosure is fabricated and subse-
quently evacuated. A vacuum pressure of 9.1 × 10-4 mbar was achieved 
indicating that the application of ultrasonic energy can improve the 
quality of the seal but did not result in a hermetic seal. In addition, the 
application of ultrasonic energy creates a vibration that can move and 
disperse the support pillars which is an irreversible issue (note: the 
pillars are not bonded to the glass panes). Further work is required to 
evaluate the effect of the application of ultrasonic energy during bake 
out stage on the mechanical strength of the bond but investigating this 
issue is not the focus of this paper. Due to the limitations discussed, this 
technique is not used in the fabrication of vacuum enclosures in this 
study. 
2.7. Mechanical strength of edge seal 
The edge seal for vacuum enclosures must be mechanically strong to 
withstand the stresses induced by atmospheric pressure, temperature 
differentials, wind loads and physical impacts. An experimental inves-
tigation is undertaken to test the strength of the Cerasolzer 217 seal 
between the glass panes and stainless steel spacer. Glass samples 100 
mm × 50 mm (4 mm thick annealed glass) are sealed to stainless steel 
plates as shown in Fig. 12 creating a 50 mm × 10 mm seal area. In this 
section three different tests are discussed where the first test was 
designed to determine the best heating regime, the second and third 
tests were designed to investigate the strength of the seal against torque 
and shear stress, respectively; samples used in these tests were prepared 
using the sealing method described in Section 2.4. 
2.7.1. Determining heating regime 
To determine the best heating regime, several samples were prepared 
in a bake out oven under different heating regimes i.e. different tem-
perature and different heating time. Samples are divided in ten sample 
groups as shown in Table 1. The samples were tested using the method 
described in section 2.7.2. Using each heating regime eight samples 
were prepared and tested; their average strength are presented in 
Table 1. As can be seen, samples heated at 250 ◦C or higher temperature 
for 30 min or longer time exhibit high mechanical strength; at above 
130 N the glass broke. In terms of time and temperature efficiency, the 
best results were achieved for the samples heated at 250 ◦C for 30 min, 
consequently, in this work this heating regime is used in the fabrication 
of vacuum enclosures. 
2.7.2. Torque test 
Due to the influence of atmospheric pressure, the glass panes tend to 
bend towards the vacuum space as illustrated in Fig. 11. The innermost 
edges of the edge spacer (shown as points A and B in Fig. 11) act as 
fulcrums resulting in a torque force in the edge region. During evacua-
tion of the enclosure, the torque force can initiate a failure in the seal. To 
evaluate this scenario a test was designed as illustrated in Fig. 12 to 
determine the maximum torque that can be applied to the edge seal Fig. 7. Applying uniform pressure on edge seal region using clamps.  
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before failure occurs. As illustrated in Fig. 12, the stainless steel plate of 
the test sample is fixed along the lower surface while a load is applied to 
the free end of the glass plate. 
To ensure the repeatability of the test results, eight samples were 
prepared at 250 ◦C for 30 min and tested against applied torque; the 
results for these tests are presented in Table 2. During testing, failure 
occurred each time in the glass plate, however, the seal did not fail. The 
variability in failure load is due to the unique defect profile of each glass 
sample. 
The tests showed that the smallest failure load for the glass is 122 N 
corresponding to a torque given by: 
τ = F × L = 10.98 N m  
where F = m × g = 148 N and L is the effort arm which is 90 mm as 
illustrated in Fig. 11. 
The torque at the edge region is calculated to investigate whether the 
torque created by atmospheric pressure at the edge seal region of a 
vacuum enclosure is large enough to result in failure of the seal or glass. 
In the vacuum enclosures fabricated in this work, the distance between 
the edge spacer and the first raw of pillars is 90 mm, hence the effective 
effort arm is 45 mm. The total torque applied on every W length of the 
edge seal in the enclosures is given by: 




W × dx × P × x = 5.13 N m 
where P is atmospheric pressure (101325 N/m2) and x is the distance 
from the fulcrum as shown in Fig. 12. As the test samples are 50 mm 
wide, for comparison purpose W is also considered to be 50 mm. The 
torque applied on every 50 mm of edge seal (5.13 N m) is less than the 
lowest torque value (10.98 N m) that resulted in failure of the glass 
indicating that atmospheric pressure will not induce a failure in either 
the glass or the edge seal for the vacuum enclosure configuration used in 
this work. As the edge seal in the fabricated vacuum enclosures is wider 
(15 mm) than the seal in the test samples (10 mm) it may be concluded 






Fig. 9. Vacuum enclosure (0.2 m × 0.2 m) leak tested using a Helium mass 
spectrometer leak detector. 
Sealing glass to stainless steel
Ultrasonic 
Energy generator
Energy is transferred 
Trial sample
Fig. 10. Ultrasonic energy is applied to the sealing region.  
F. Arya et al.                                                                                                                                                                                                                                     
Solar Energy 220 (2021) 635–649
641
that the seal in the vacuum enclosure can withstand the stresses induced 
by the atmospheric pressure load. 
Although Cerasolzer 217 has been shown to provide a strong bond 
between the glass and edge spacer, an additional support bracket is 
added to the enclosures as illustrated in Fig. 13. These brackets provide 
further mechanical support against the stresses in the edge seal region, 
and protect the glass edges from mechanical impact as tempered glass 
panes are vulnerable at their edges. The brackets are made of 1.5 mm 
thick stainless steel and attached to the enclosure using an epoxy resin. 
2.7.3. Shear test 
To ensure repeatability of the sealing process using the adopted 
heating regime (250 ◦C for 30 min), eight samples were tested against 
shear stress using a tensometer shown in Fig. 14b. Due to tensile force, 
the glass in all samples failed while the seal remained intact (Fig. 15) 
indicating that the mechanical strength of the seal against shearing force 
is higher than that of glass. 
2.8. Pump-out of vacuum enclosure 
To suppress gaseous convective and conductive heat transfer a vac-
uum pressure less than 1 Pa must be created between the panes. A turbo 
molecular vacuum pump is connected to the enclosure via a vacuum 
port welded through the edge spacer as shown in Fig. 13a. During the 
evacuation process, the enclosure is heated to 150 ◦C for 7 h in a bake- 
out oven to outgas the internal surfaces enabling a higher ultimate 
vacuum pressure to be achieved and help prolong the service life of the 
enclosure. The selection of heating temperature and duration of evac-
uation is based on previous studies on vacuum glazing (Arya et al., 
2014); however, further research is required to determine the relation 
between these two factors for vacuum enclosures. When bake-out and 
evacuation are completed, the pump-out port is sealed using a novel 
technique discussed in detail in the following sections. 
The pump-out port comprises a standard KF-25 flange attached to a 
stainless steel tube with an inner diameter of 10 mm as illustrated in 
Fig. 16; however sealing a tube with this diameter is challenging. The 
technique developed in this work is suitable for sealing pump-out ports 
with inner diameters of around 1 mm however, pump-out ports with 
such a small diameter may adversely affect the effectiveness of evacu-
ation process. 
The impact of the internal tube diameter on the effectiveness of the 
evacuation process was investigated for pump-out ports with internal 
diameters including 10 mm, 8 mm, 4 mm, 2 mm and 1 mm. The test set- 
up and the evacuation rates are presented in Figs. 17 and 18, respec-
tively. To ensure repeatable test conditions for each port, a vacuum 
gauge is installed to a 10 mm port on one edge of the enclosure and an 
evacuation port is selected on the opposite edge, for example, Port B2 is 
connected to the vacuum gauge and port C is connected to the vacuum 
pump. 
A turbo molecular vacuum pump (T-Station 75 EDWARDS with 
pumping rate of 42 L/s) is used for evacuation; the results presented in 
Fig. 18 are valid for this arrangement. It should be noted this is a 
Fig. 11. Torque due to atmospheric pressure.  
Fig. 12. Schematic diagram of testing a sample for torque resistance.  
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comparative analysis; if a vacuum pump with a different pumping speed 
is used, the absolute values will be different. The vacuum gauge used in 
this work is Leybold: PTR 90 PENNINGVAC. 
The test results show that the size of the inner diameter of the pump- 
out port is directly proportional to the evacuation rate. Using the pump- 
out ports with inner diameters of 1 mm and 10 mm, the required pres-
sure for solar applications (less than 0.01 mbar) is achieved within 150 
min and 15 min, respectively for a 0.5 m × 0.5 m × 0.0254 m enclosure. 
Evacuating the enclosure through a 1 mm port does not provide an 
optimized time efficient solution, however, as the pump-out speed is not 
a critical aspect of this study a pump-out port with an inner diameter of 
1 mm was used to ease port sealing. The pump-out port sealing tech-
nique required a novel port design having a variable diameter of 10 mm 
reducing to 1 mm as shown in Fig. 19 where the evacuation rate is 
determined by the smaller diameter. A piece of a sealing material (e.g. 
Cerasolzer 217 or indium) is placed in the larger section of the port as 
illustrated in Fig. 19. The sealing material does not does not conform to 
the shape of the evacuation port and evacuation is possible. When the 
required vacuum pressure has been achieved the pump-out port is sealed 
by local induction heating of the seal material which accumulates at the 
bottom of the larger port section blocking the narrow outlet. Sealing is 
achieved as the molten material cannot penetrate the small diameter 
hole, resulting in a vacuum tight seal. To ensure the seal is vacuum tight, 
the pump-out port is exposed to ultrasonic energy during heating in a 
similar manner to that described in section 2.6. To protect the metal seal 
from moisture, a secondary seal can be applied. Further research is 
required to test the long term durability of the vacuum in the enclosure. 
3. Study of vacuum enclosure structure 
3.1. Vacuum enclosure components 
The design and components of vacuum enclosures must be able to 
withstand the stresses caused by atmospheric pressure loads, tempera-
ture differentials and other mechanical impacts. The support pillar 
arrangement (spacing and diameter) and materials must be able to 
counteract the pressure imposed on the glass covers by atmospheric 
pressure. Support pillars manufactured from stainless steel, with a 
diameter of 6 mm and a spacing of 60 mm were used in this project to 
fulfil this criterion, as discussed in Section 2.1. 
The edge seal fulfils a crucial role in the integrity of vacuum enclo-
sures. In addition to providing hermeticity, it must be mechanically 
strong to withstand stresses in the edge seal region. In the previous work, 
it was shown that an edge seal formed by Cerasolzer 217 using an ul-
trasonic soldering technique was able to withstand stresses caused by 
both atmospheric pressure and temperature differentials of 20 ◦C. The 
vacuum enclosure exhibited no leaks or catastrophic failure when 
exposed to solar insolation levels of 780 W/m2 for 7 h (Arya et al., 
2018a; 2018b). In this work, further investigations are undertaken on 
the mechanical strength of the edge seal (reported in Section 3.3). 
Finally, the glass covers must be able to withstand the induced 
stresses. If the glass surface is flat and the pillars have a uniform height, 
Table 1 
Mechanical strength of the bond between glass and stainless steel created by 
Cerasolzer 217 using different heating temperature and heating time.  
Sample Temperature 
(◦C) 
15′ 30′ 45′ 60′ Time (m) 
Sample 
Group 1 




220 15 17 18 17  
Sample 
Group 3 
230 67 94 107 101  
Sample 
Group 4 
240 89 121 117 127  
Sample 
Group 5 
250 92 137 134 137  
Sample 
Group 6 
260 94 136 136 133  
Sample 
Group 7 
270 95 132 134 133  
Sample 
Group 8 
280 94 137 136 135  
Sample 
Group 9 
290 96 135 134 137  
Sample 
Group 10 
300 95 132 135 131  
(Arya et al., 2014, 2018a,b; Beikircher et al., 2015; Benz et al., 1996; Benz and 
Beikircher, 1999; Buttinger et al., 2010; Colangelo et al., 2016; Collins et al., 
1995; Eaton and Blum, 1975; Fang et al., 2013; Fang and Arya, 2019; Henshall 
et al., 2016; Hyde et al., 2000; Koebel et al., 2010, 2011; Memon et al., 2019; 
Memon and Eames, 2020; Miyamoto et al., 2007; Moss et al., 2017, 2018a–e; 
Richter et al., 2015; Schneider et al., 2012; Yaniv et al., 1981; Zhang et al., 2020; 
Abbott and Madocks, 2001; Arya et al., 2012; Arya et al., 2018c; Arya, 2014; 
Bellex datasheet, 2016; Benvenuti, 2010; Benvenuti, 2011; BS EN 12150; 
DANTEC-Dynamics, 2014; Estes et al., 1975; Frank et al., 2015; Ishii et al., 1983; 
Mientkewitz et al., 2012; Moss and Shire, 2014; Palmieri, 2012; Palmieri, 2009; 
Soleau, 1981; Wang et al., 2020). 
Table 2 
Failure load for test samples.   
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Average 
Load (N) 130 135 145 146 148 123 122 148  137.125  
Fig. 13. Completed vacuum enclosure (a), U-shape section added to enclosure (b).  
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the force from atmospheric pressure will be uniformly distributed over 
the pillars (Henshall et al., 2016); however, if there are variations in 
pillar height, longer pillars will experience higher loads resulting in 
increased stress in the glass in these regions and a potential for failure of 
the glass covers. Fig. 20 shows a vacuum enclosure fabricated from 4 
mm thick annealed glass. Annealed float glass panes have flat surfaces 
but due to differences in support pillar height (±0.2 mm resulting from 
manufacturing error), the atmospheric load was unequally distributed 
between the pillars resulting in high stress concentrations in specific 
locations in the glass covers which lead to glass failure as shown in 
a b
Fig. 14. Test samples (a) tensometer (b).  
Fig. 15. Samples after testing for shear strength of edge seal.  
KF-25 flange
Silicone O-ring
Inner diameter of 10 mm
Fig. 16. Schematic diagram of pump-out port.  
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Fig. 20. 
In this work, tempered glass panes have been used in the fabrication 
of vacuum enclosures. Thermally tempered glass panes offer additional 
mechanical strength; however, they are not flat and exhibit a charac-
teristic roller wave due to the tempering process (Abbott and Madocks, 
2001; Fang and Arya, 2019). As a result of this, the atmospheric pressure 
load is not uniformly distributed over the support pillars even if the 
pillars have the same height. To investigate the variation in stress dis-
tribution between the pillars in a vacuum enclosure made with tempered 
glass panes, digital image correlation (DIC) is used for preliminary 
experimental measurements of enclosure strain. In this test, only the 
stress induced by atmospheric pressure is considered. 
3.2. DIC study of strain profile in vacuum enclosures 
A range of vacuum enclosures were initially fabricated in this study 
using 4 mm annealed glass panes; however, during evacuation 80% of 
enclosures suffered glass pane failure. Consequently, fabrication of 
vacuum enclosures concentrated on the use of tempered glass panes. As 
discussed previously tempered glass does not have planar surfaces due to 
the tempering process, having a deviation in the range of 0.5 mm in the 
overall flatness for 4 mm thick glass (BS EN 12150). To analyse the 
impact of this, digital Image Correlation (DIC) is used to study the strain 
profile over the surface of a fabricated vacuum enclosure (0.55 m × 0.55 
m) made with two 4 mm tempered glass panes. A Dantec Dynamics Q- 
400 DIC system, (shown in Fig. 21) consisting of two high resolution 
cameras is used to take images of the vacuum enclosure (upper glass 
pane) before and after the evacuation of the enclosure to a pressure 
0.001 Pa. The DIC system compares those images and determines the 
change in strain profile of the glass resulting from a change in the 
loading conditions. Prior to the DIC measurement, the upper glass pane 
is spray coated to create a random black speckle pattern on a white 
background. The DIC system is calibrated using a method described by 
the manufacturer (DANTEC-Dynamics, 2014). 
All images are taken at the same temperature (room temperature), 
therefore the DIC readings of strain are only associated with the effect of 
atmospheric pressure acting on the enclosure. The principal strain 
contours produced by the DIC measurement, presented in Fig. 22, follow 
the support pillar array pattern. As the image is taken by only one of the 
DIC cameras it is somewhat oblique. 
In Fig. 22, the black circles present the expected locations of the 
support pillars underneath the upper glass pane, however, pillar centers 
are not exactly aligned with the centers of the peak stress detected by 
DIC system. This may be due to small misalignments in the actual pillar 
positions. Fig. 22 shows that stresses in the vicinity of the support pillars 
varies from pillar to pillar, for example, the stress near pillar 1 is smaller 
than that near pillar 2. As outlined previously this variation may be due 
to a non-uniformity in pillar length or due to variations in the planarity 
of the tempered glass pane. However, the stress variation did not result 
in either catastrophic failure of the enclosure or Hertzian fractures in 
any of the 4 mm tempered glass panes. 
Port A - 1mm
Port B1 - 10mm
Port D - 4mm
Port C - 2mm
Port B2 - 10mm
Port E - 8mm
Connected to vacuum pump
Vacuum Gauge
Fig. 17. Test set-up designed to investigate evacuation rate (Internal dimen-




10mm 8mm 4mm 2mm 1mm















Fig. 18. Evacuation rates for pump-out tubes with different inner diameters.  
Seal metal
Molten metalHeating
Inner diameter of 1 mm
10 mm
Vacuum tight seal
Fig. 19. Schematic diagram of sealing pump-out port.  
Fig. 20. Longer support pillars resulting in glass breakage in a vacuum 
enclosure fabricated from annealed glass. 
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3.3. Mechanical strength of enclosure 
The vacuum enclosures in this study are designed for solar applica-
tions, hence they will be exposed to varying mechanical impacts from the 
surrounding environment. The edge seal and glass panes of the enclosures 
must be capable of withstanding those impacts. To investigate the resis-
tance to a range of loads the mechanical strength of a vacuum enclosure is 
theoretically and experimentally analysed against a concentrated force. 
The effect of temperature differentials will be investigated in future work. 
3.3.1. Experimental approach 
Using a tensometer (Model: Instron 5500R Universal Test Frame 
shown in Fig. 23), a concentrated force is applied to the centre of a 
vacuum enclosure as illustrated in Fig. 23. The specifications for the 
vacuum enclosure are those as described in Section 2.1. The enclosure is 
located on a platform as shown in Fig. 23 which supports the enclosure 
around the periphery of the edge spacer only, consequently, the two 
glass panes are free to deflect. During this test, the machine applies a 
force up to 2000 N on a circular disc with a diameter of 15 mm in the 
centre of the enclosure. The applied force and the relevant deformation 
of the vacuum enclosure is presented in Fig. 24. During this test the 
enclosure is continuously evacuated to achieve an internal vacuum 
pressure of 6.7 × 10-5 mbar. 
A load of approximately 2000 N was applied to the enclosure 
resulting in a total deflection of 5.5 mm in the center of the enclosure 
area. Due to atmospheric pressure acting on the glass panes and the 
support pillars, both panes follow the same deflection profile under 
loading. During the test, no edge seal failure, glass breakage or pressure 
rise in the internal vacuum was observed therefore the overall stress in 
the edge seal region caused by both atmospheric pressure and the 
applied force is lower than the mechanical tolerance limits of the seal. 
However, due to the applied force by the tensometer, additional stress is 
induced on the enclosure which will be theoretically investigated in the 
following section. 
3.3.2. Theoretical approach 
In this section, a 3D finite element method (FEM) software (ABA-
QUS) is used to evaluate the shear stress in the edge seal region and the 
principal stress on the external surface of glass pane directly above a 
support pillar. In the modelling approach, a force of 2000 N is applied to 
the centre region of a vacuum enclosure with the same specifications of 
the fabricated enclosure used in the experimental analysis. The glass 
panes are, realistically, assumed to be fixed to the support pillars and to 
the edge spacer i.e. no relative movement is assumed. The contact sur-
face of the support pillars with the glass panes is assumed to be flat 
which may not be the case in practice due to machining tolerances. If 
support pillars have rough or uneven contact surfaces, higher stress 
levels will exist within the glass panes, consequently, the results from 
the modelling may not be representative of the experimental investi-
gation. In the modelling process, the meshes were refined until the re-
sults from the modelling were in close agreement with the results from 
the experimental study (with a deviation of less than 5%). 
The deflection of the enclosure was the only parameter measured 
during the experimental study, hence this is the only parameter used to 
validate the modelling; however, in future work the strain across the 
vacuum enclosure will be measured using micro strain gauges. For 
comparison purposes, the vacuum enclosure is modelled with and 
without the application of the concentrated force. Fig. 25a presents the 
deflection profile of the vacuum enclosure due to atmospheric pressure 
(with no concentrated force). The maximum glass deflection between 
support pillars away from the edge spacer is 0.5 mm. The glass deflec-
tion between the first row of pillars and the edge spacer is 1.8 mm, this is 
a result of the larger separation between the edge spacer and the first 
raw of pillars (90 mm) compared to the separation between subsequent 
rows of pillars (60 mm). Fig. 25b presents the deflection profile of the 
vacuum enclosure due to atmospheric pressure and the application of 
concentrated force of 2000 N. As illustrated the maximum deflection of 
the enclosure is 5.8 mm which is in close agreement with the experi-
mental test result with a deviation of 5.5%. Due to atmospheric pressure 
the glass panes and the support pillars are in perfect contact and as a 
result, both glass panes have the same deflection curvature. 
Bending of glass panes between support pillars as a result of atmo-
spheric pressure causes the vacuum enclosure to shrink, consequently, 
the edge spacer deflects as illustrated in Fig. 26, having a maximum 
deflection of 0.3 mm; however, the application of the applied force 
(2000 N) on the centre of the enclosure reduces the deflection from 0.3 
mm to 0.23 mm. This is more likely because the deflection of the 
enclosure counteracts the deflection of the spacer. The edge spacer is 
fabricated from 1.5 mm thick stainless steel sheet, however, there can be 
cost and weight advantages in using a lighter spacer. To investigate this, 
the modelling is repeated for a vacuum enclosure having an edge spacer 
fabricated from 0.5 mm stainless steel sheet. The modelling showed that 
the deflection of the edge spacer with and without the applied force 
(2000 N) would be 0.39 mm and 0.81 mm, respectively. It is also 
Fig. 21. DIC system setup and painted vacuum enclosure (Henshall 
et al., 2016). 
Fig. 22. DIC principal strain contours; circles represent the locations of sup-
port pillars. 
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interesting to note that the maximum deflection of the enclosure under 
2000 N is 6.3 mm for the thinner edge spacer profile. The results for the 
bending of the edge spacer profile and the deflection of the vacuum 
enclosure are similar for both profile thicknesses therefore a saving in 
weight and cost should be potentially possible without compromising 
the structural integrity of the vacuum enclosure. 
Due to atmospheric pressure, the glass panes are deflected to a 
convex shape over the support pillars and to a concave shape between 
the pillars. Stress over support pillars away from the edge spacer is 
uniform at each pillar however the stress over the pillar in the centre of 
the enclosure is analysed using the FEM software as the applied load of 
2000 N acts directly above this pillar. The simulation showed that the 
principal stress in the glass over this pillar is 21 MPa as a result of at-
mospheric pressure and with the applied load on the enclosure, the 
principal stress in the same point increases to 28 MPa. The principal 
stress on the glass surface over the same pillar on the lower side of the 
enclosure (convex side) increases to 67 MPa. No glass failure was 
observed in the vacuum enclosure made from 4 mm tempered glass 
Fig. 23. Mechanical strength test set-up.  
Fig. 24. Mechanical strength test results.  
Fig. 25. Deflection profile of vacuum enclosure (a) due to atmospheric pressure (b) due to atmospheric pressure and the application of a concentrated force of 
2000 N. 
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panes during the experimental study. By increasing the thickness of the 
glass panes the existing stresses can be reduced (Arya et al., 2018c). 
Fully tempered glass panes can withstand a continuous stress of 70 MPa 
over 30 years if a support pillar specification of 6 mm diameter and 60 
mm spacing is used (Henshall et al., 2016). However, tempered glass 
panes are more sensitive to the formation of scratches, hence during 
handling and cleaning of vacuum enclosures scratching of the glass 
panes must be avoided to minimise the risk of glass failure (Schneider 
et al., 2012). 
The edge seal region in vacuum enclosures experiences large and 
constant shear stresses which can result in edge seal failure if the stress 
exceeds the strength limits of the seal. The shear stress in the edge seal 
region is not experimentally determined in this study however it is 
theoretically calculated using the FEM software. The simulation showed 
that the shear stress varies across the edge seal region with an average 
stress of 0.4 MPa and a maximum of 36 MPa in the corner region close to 
the innermost edge of the spacer. With the applied load of 2000 N the 
enclosure experiences additional stresses and as a result the average 
shear stress increases to 0.55 MPa and the maximum shear stress in-
creases to 43 MPa at the same locations. 
The shear stress in the edge seal region of a vacuum enclosure with 
an edge spacer made with 0.5 mm thick stainless steel sheet is also 
simulated. It was found that the shear stress varies across the edge region 
with an average of 0.2 MPa and a maximum of 23 MPa in the corner 
region close to the innermost edge of the spacer and with the applied 
load of 2000 N the edge seal region experiences an average shear stress 
of 0.54 MPa, and a maximum shear stress of 31 MPa in the same regions. 
This indicates that the use of a lighter edge spacer for vacuum enclosures 
reduces shear stresses in critical regions and has the potential to improve 
the durability of the edge seal and life expectancy of the vacuum 
enclosure. 
4. Conclusion 
Vacuum flat plate solar thermal collectors exhibit excellent optical and 
thermal characteristics due to a combination of their wide surface area 
and high vacuum thermal insulation offering a high performance and 
architecturally versatile solar thermal collector which has a variety of 
applications for industrial process heat and for building integration. 
A range of vacuum enclosures were fabricated, using a tin-based 
alloy, Cerasolzer 217, as a sealing material. A novel two stage sealing 
technique was employed to create a seal between the glass panes and 
edge spacer at or below 250 ◦C allowing the use of tempered glass 
without loss of temper qualities. It was demonstrated that the bond 
between the glass and spacer was capable of withstanding existing 
stresses in the edge seal region and using a conventional helium mass 
spectrometer leak detector, it was shown that a hermetic seal was 
achievable. 
In this work, vacuum enclosures were fabricated from 4 mm 
tempered glass panes and stainless steel support pillars (6 mm diameter 
and 25.4 mm long) were spaced at 60 mm intervals which met the safety 
criteria preventing glass failure. A novel technique was developed for 
sealing a pump-out port with an inner diameter of 1 mm. Helium mass 
spectrometer leak detection showed the seal was hermetic. An experi-
mental study was designed to investigate the impact on pumping rates 
from using pump-out ports with diameters between 1 mm and 10 mm. 
The test showed that the size of the inner diameter of the pump-out ports 
is proportional to the evacuation rates. Using pump-out ports with inner 
diameters of 1 mm and 10 mm, the required pressure for solar appli-
cations (less than 0.01 mbar) was achieved within 150 min and 15 min, 
respectively. 
Experimental DIC measurements showed that in vacuum enclosures 
made with tempered glass panes the stress above support pillars varies 
from pillar to pillar. This variation may be due to non-uniformity in 
pillar length and the non-planarity of the tempered glass panes. How-
ever, the stress variation did not result in either catastrophic failure of 
the enclosure or Hertzian fracture failure in the glass for vacuum en-
closures fabricated using 4 mm tempered glass panes. 
An applied load of 2000 N in the centre of a vacuum enclosure 
resulted in a deflection of 5.5 mm. During the test, no edge seal failure, 
glass breakage or pressure rise in the internal vacuum occurred. Using a 
3D finite element method (FEM) software (ABAQUS), stresses in a vac-
uum enclosure were calculated. The modelling was validated by the 
experimental results, with a deviation of 5.5%. 
In vacuum enclosures, bending of glass panes between the support 
pillars induces deflection in the web section of the edge spacer having a 
maximum value of 0.3 mm when fabricated with 1.5 mm thick stainless 
steel, however, modelling of a vacuum enclosure with an edge spacer 
fabricated from 0.5 mm stainless steel showed a web deflection of 0.81 
mm in the edge spacer. The application of an applied load of 2000 N to 
the centre of the enclosure would result in a maximum bending of 6.3 
mm for the overall enclosure. These values indicate that there is no 
advantage in using thicker profiles in the fabrication of the edge spacer. 
Simulations showed that the principal stress over the centre pillar 
was 21 MPa and with the application of a 2000 N load on the enclosure, 
the principal stress in this region increased to 28 MPa, while the prin-
cipal stress on the glass surface above the same pillar on the lower side of 
the enclosure (convex side) increased to 67 MPa. These stresses are less 
than the mechanical strength of fully tempered glass panes which can 
withstand a continuous stress of 70 MPa over 30 years. During the test 
Fig. 26. Deflection of the edge spacer.  
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no glass failure was observed. 
It found that the shear stress in edge seal region varies across and 
along the edge with an average of 0.4 MPa and a maximum of 36 MPa 
near the corners close to the innermost edges of the spacer. By applying a 
force (2000 N) to the centre of the enclosure the average shear stress 
increased to 0.55 MPa and the maximum shear stress increased to 43 
MPa (in the same region). The impact of transport has not been studied 
in this work, however, if the vacuum solar collector developed in this 
work is commercialised, a protocol for transporting and handling the 
system should be developed in order to avoid any damages to the 
system. 
The shear stress in the edge seal region of a vacuum enclosure with 
an edge spacer fabricated from 0.5 mm stainless steel varies across the 
edge region with an average of 0.2 MPa, and a maximum of 23 MPa near 
the corner close to the innermost edges of the spacer. By applying a 
2000 N force, the edge seal region experienced an average shear stress of 
0.54 MPa, and a maximum shear stress of 31 MPa near the corners close 
to the innermost edges of the spacer. Using a thinner (0.5 mm) edge 
spacer profile the shear stress in the edge seal region is reduced which 
may improve the durability of the edge seal. In addition, the weight and 
cost of the enclosure is reduced. 
Using Cerasolzer 217 as a sealing material and the sealing technique 
developed in this work, several vacuum enclosures were successfully 
fabricated. The methodology is reliable and reproducible and can be 
used in flat vacuum solar collector technology. 
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